Abstract-A power assisted wheelchair combines human power, which is delivered by the arms through the pushrims, with electrical motors, which are powered by a battery. Todays electric power assisted wheelchairs use force sensors to measure the torque exerted on the pushrims by the user. This leads to rather expensive and clumsy constructions. A new design, which only relies on velocity feedback, thus avoiding the use of expensive force sensors in the pushrims, is proposed in this paper. The control design is based on a simple PD-structure with only two design parameters easily tuned to fit a certain user; one parameter is used to adjust the amplification of the user's force and the other one is used to change the lasting time of the propulsion influence. Since the new assisting control system only relies on the velocity, the torque sensor free power assisted wheelchair will besides giving the user assisting power also give an assistant, which pushes the wheelchair, additional power. This is a big advantage compared to the pushrim activated one, where this benefit for the assistant is not possible.
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I. INTRODUCTION
For many years, there have only been three viable options for functionally impaired people, who are unable to propel an ordinary wheelchair. The three options are; using an electric powered wheelchair, driving a scooter, or being pushed by an assistant. But recently, a new type of wheelchair has been developed that combines human power and electrical power. This new type is called power assisted wheelchair.
A power assisted wheelchair [1] combines human power, which is delivered by the arms through the pushrims, with electrical motors, which are powered by a battery. The power assisted wheelchair is aimed at customers, who have used a regular wheelchair for a long time, but who have become weaker or just need additional power when driving uphill. This kind of wheelchair will provide additional power for users, which will spare their wrists, elbows and shoulders.
Todays electric power assisted wheelchairs use force sensors to measure the torque exerted on the pushrims by the user [1] [2] [3] [4] [5] . This torque is then increased with the help of electrical motors. The wheelchair's speed is also measured, with rotational encoders, to calculate how much power and for how long the power should be applied. The force sensors in the pushrims are rather expensive and this approach also makes the wheels a little bit clumsy.
The objective with this paper is to present a new, better and cheaper solution that does not use expensive torque sensors in the pushrims. The idea is inspired by [6] where a torque sensor free solution is suggested. In this paper, it is demonstrated that the approach in [6] difficult design parameters. A solution to overcome the play problem is first suggested. Then, a PD-controller parameterization is proposed with only two easily tuned design parameters. It is also illustrated how to rebuild a joystick controlled wheelchair into a torque sensor free prototype.
II. DESIGN APPROACHES
Yoichi Hori and Schoon Oh [6] have presented the socalled "sensor free" solution, which is based on velocity control. The authors have designed a controller that is sensitive to disturbances, which can be used in power assisted systems.
Usually a power assisted system uses sensors, in most cases torque sensors, to measure the external forces caused by for example human influence. These systems that use force sensors are expensive and therefore a cheaper solution is desirable. In the paper, Hori and Oh have presented a power assisting controller that does not use these expensive force sensors. Their controller only relies on the external changes in the feedback signal. In other words, the controller interprets and amplifies the external disturbances, compared to an ordinary control system that suppresses disturbances.
In the case with the pushrim activated power assisted wheelchair, the expensive torque sensors in the pushrims are used as a feedforward signal to the control system. With a velocity disturbance observed controller, these torque sensors can theoretically be removed. The wheelchair's new control system will only rely on the wheel's velocity values, when controlling the electrical motors.
A. Hori & Oh Design
Hori and Oh propose a continuous-time controller design of the velocity disturbance controlled system in [6] . The proposed system is discretized to make it implementable. The discrete-time form of the control design is shown in The input signal to the process is the control signal together with the human's force (external disturbance) and the output signal from the process is the wheelchair's real velocity. The B2 block removes the wheelchair's dynamics and outputs the process' input signal, which theoretically is 
The control system with the PD-controller including the limitation filter is shown in Fig. 3 . which has two solutions. The parameters K and bm can then be solved from
An ordinary joystick controlled motorized wheelchair was used to build the new power assisted wheelchair, which only will rely on velocity feedback.
A. Joystick Controlled Wheelchair
A block scheme of the original joystick controlled wheelchair's control hardware is shown in Fig. 4 . The user, driving the motorized wheelchair, controls the wheelchair with a joystick module. The joystick module sends the user's commands to a power module via a serial communications protocol. The power module consists of two cards; a main power card that holds all power electronic devices and an external processor card, which handles the communication between the joystick module and the main power card. The power module, which is supplied by a 24 volts battery, translates the received commands from the joystick module into control signals (power signals) that drive the two electrical motors on the wheelchair. Each motor is connected to a gearbox, with a resulting gear ratio of 81:1. Each gearbox is in turn connected to a wheel with a pushrim, which also can be used to propel the wheelchair. Each wheel is exposed to different loads, e.g. weight, friction or up-and down-hill driving, that affects the motor's torque. On each motor there is also a solenoid brake mounted, which is used to brake the motor axis when the power module gets a braking command from the joystick module.
B. Feedback Controlled Wheelchair
A block scheme of the new power assisted wheelchair's control hardware is illustrated in Fig. 5 . All significant modifications of the control hardware are highlighted in grey. The joystick module has now been removed and replaced by a programmable controller card that will be used to develop the new control system. The controller card is "directly connected" to the power module's hardware instead of using the serial communication. The external processor card, which was placed inside the power module and handled the serial communication protocol translation, has been replaced with an external middle card that translates control signals from the controller card before the signals enter the main power card. The external middle card also works as a safety card that protects the power module from being destroyed by, for example, careless coding of the control system. The solenoid brakes, placed on each electrical motor, were removed to be able to mount rotary encoders instead. The speed values from the rotary encoders will be used as feedback signals to the control system. duty cycle = 511 + u, 0 < duty cycle < 1023
The step responses of the power assisted wheelchair when applying two step changes, in the control signal u, from 0 to 250 and back to 0, is shown in Fig. 6 . The large spikes are caused by play in the wheelchair's gearboxes. The play causes the motor axis, on which the rotational encoder is mounted, to rotate freely, a couple of revolutions before the wheel starts to rotate. Since the torque sensor free control systems only relies on the velocity values from the encoders these spikes in the velocity have to be reduced otherwise the control system will make the wheelchair feeling very jerky. This problem has to be solved in software, since the play in the gearbox cannot be reduced. Therefore a play passing method that does not measure the velocity when the play problem occurs was developed.
2) Play Passing Method: The main idea of the method is that before the control system starts to measure the velocity it will apply a small force that is enough to rotate the motor axis past the play but without start rotating the wheels. In other words, the motor axis together with the rotational encoder will not rotate freely on the start, which will reduce the large spikes in the beginning of the velocity response.
For the play passing method to work in both forward and backward direction it has a direction sensing function. This function tells the motors to rotate past the play in either forward or backward direction. Therefore, when the wheelchair user wants to change direction, this play reduction method . The filter that slows down the step signal, which is used to pass the gearbox play, and the jump back threshold will first close the power assisting control system, and then change direction of the play passing force and finally start the power assisting control system again.
As a result of this, the control system for the power assisted wheelchair will have two modes; the controller mode and the play passing mode, which the system jumps between. The state graph with the two modes is shown in Fig. 7 . When the system is in the controller mode, the regular power assisting controller runs, which gives the user additional power. If the user changes direction, which results in a changed sign of the wheelchair's velocity y(k), the system jumps to the play passing mode. In the play passing mode a small motor force is applied, which will rotate the motor axis together with the rotational encoder past the play, by changing the control signal u(k) to do sign(y(k)). To prevent this direction change from feeling jerky, the step signal do sign(y(k)) is run through a filter, which is shown in Fig. 8 . The response of the filter is altered by changing af, which should be chosen -1 < af < 0. This filter slows down, or smoothes, the direction change. When the control signal u(k) reaches a certain threshold value Cth do, the system will jump back to the controller mode. The threshold value can be adjusted with the threshold constant Cth, which should be chosen 0 < Cth < 1. When the system jumps back to the controller mode, the wheelchair's power assisting controller is enabled again, and the user can drive in the other direction without the play in the gearbox disturbing the control system.
The play reduction method works individually on each motor, which makes it possible for the user of the power assisted wheelchair to rotate the wheels in different direction, thus making a tight turn with the wheelchair. The only disadvantage with this play passing method is that it will cause a small delay, depending on af in the filter, before giving the assisting power when changing direction.
The step response with play passing method is shown in 3) User Weight Influence: The step response for different user weights is shown in Fig. 10 . This experiment shows that the final velocity is almost the same for all different user weights. But, the time response will become slightly slower for increasing weight.
Thus, the wheelchair model will not be significantly affected by small changes in the user's weight. This is important since the control system should not require retuning when the user changes weight.
The model with the user weight 82 kg will be used when simulating and implementing the control systems. This The main idea of the Hori and Oh controller is that it obtains the external disturbance caused by the user, by using a process eliminating function and then feeds the disturbance to a desired process model of the wheelchair. This control design, shown in Figs. 1-2 , contains three control parameters; am and bi,m which are used in the desired wheelchair model, and the constant K, which is used to regulate the power assisting controller's influence. The three control parameters am, bm and K should be chosen within some limitations to give the desired effect. The desired gain factor bm should be chosen greater than the real wheelchair's gain factor bi to give a higher velocity on each push. The desired am should be closer to -1 than a, to achieve a longer lasting response of each push. The constant K should be greater than zero.
This control design works fine when simulated. The response to a simplified user propulsion disturbance signal, which is a square pulse with a top value of 200 and a length of one second, is shown in Fig. 11 . With the chosen parameters am =-0.99, bm = 1.8 and K = 1, the simulated controller gives a larger maximum velocity and a longer lasting response compared to the same wheelchair without the assisting controller.
The control design by Hori and Oh is implemented in the controller card on the power assisted wheelchair and the same disturbance pulse signal that was used in the simulation is fed to the wheelchair's control system. The wheelchair's disturbance response is measured and the measured data is compared to the simulated data in Fig. 11 . But, the power assisted wheelchair's velocity does not match the simulated response at all. The first order wheelchair model that they have proposed does not take play problem and other real life factors into account and therefore differs too much from the real wheelchair process, which results in the controller not function properly on the wheelchair, despite the play passing method. The torque sensor free power assisted wheelchair will behave as an ordinary wheelchair, but the user propelling the torque sensor free wheelchair will feel like his strength is increased sharply. As a result of this, it will be easier to propel the wheelchair in uphill direction, since the control system amplifies the user's propelling movements. It will also become easier to brake the wheelchair in downhill direction since the control system amplifies the braking force applied by the user.
This torque sensor free power assisted wheelchair has a big advantages over the pushrim activated one. For example, if an assistant wants to push a functionally impaired user sitting in a power assisted wheelchair with torque sensors in the pushrims, the assistant will not benefit from the assisting control system. But, in the case with the disturbance observed controller system, which relies on the wheelchairs velocity, the wheelchair will also give additional power for the assistant.
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